Introduction
Fracture or fissure of the radial carpal bone is an uncommon cause of forelimb lameness in the dog (1, 2) . The exact aetiology remains unknown, however fatigue from cyclic overload and structural failure due to a pre-existing weakness have been proposed (3) .
The radial carpal bone of dogs forms from three distinct centres of ossification:
intermediate, central and radial. Fusion of these centres should occur between five and six months of age (2) . Multiple studies have indicated a propensity for fractures of the radial carpal bone to occur along these lines of ossification and a breed predisposition has been noted in the Boxer (2) (3) (4) . Certain fractures may develop without obvious trauma and it has been speculated that incomplete fusion of the three ossification centres of this bone may contribute to this (5) . Radial carpal bone fractures have been classified into four main types, three of which involve fracture lines which extend to involve either the proximal or distal articular surfaces, or both. Oblique mid-body fractures, comminuted T-shaped fractures, dorsal margin chip fractures and palmar process fractures have all been reported, with oblique mid-body fractures being the most common in some studies (3, 5, 6) . Histopathological samples taken from two dogs with radial carpal bone fracture demonstrated the presence of persistent cartilaginous areas within immature cancellous bone and fibro-connective tissue on the fracture surfaces (7) . This was considered to be indicative of incomplete ossification rather than a true fracture of the radial carpal bone (7) . These findings were similar to those reported in cases of incomplete ossification of the humeral condyle (8, 9) .
The canine radial carpal bone corresponds to the fused scaphoid and lunate bones of the human wrist (10) . Bipartite scaphoid and lunate bones in humans are well documented with an incidence of up to 0.5% (11) (12) (13) . Scaphoid bone fractures make up 80% of all carpal fractures in humans and are classified as middle third (waist), proximal pole or distal third (14) . Blood supply to the proximal pole of the scaphoid is solely reliant on intraosseous circulation; therefore the scaphoid is prone to nonunion if the blood supply is damaged (14) .
Various treatment options for the fractured human scaphoid bone have been documented, including conservative management, external coaptation and internal fixation using a variety of implants. A variety of grafting procedures have also been reported, including the use of iliac cancellous bone grafts, cortico-cancellous graft from the distal radius, cortical grafts and palmar-radial wedge grafts (15) (16) (17) (18) . Pedicled vascularised bone grafts have also been reported more recently (19) (20) (21) . Early and rigid internal fixation is typically advocated, frequently using a dorsally-applied compression screw. The advantages and disadvantages of limited open surgical approaches have been compared with fluoroscopically or arthroscopically-assisted percutaneous implant application in human patients, due to concerns regarding potential for fracture non-union (22) (23) (24) (25) (26) (27) (28) .
Repair of canine radial carpal bone fractures using lag screws or pancarpal arthrodesis has been documented (3, 29) . In dogs, the results of external support with resin or plaster casts are unpredictable, and in 13 cases managed conservatively, all progressed to a condition of osteoarthritis (2) . Treatment by lag screw fixation has been reported to fail due to nonunion or screw breakage (3) .
This study aimed to illustrate the application and clinical outcome of a variablypitched, headless, tapered, cannulated, selftapping and fully threaded compression screw for the treatment of two-piece oblique radial carpal bone fracture in five dogs.
Materials and methods
The medical and radiographic records of five dogs treated unilaterally for radial carpal bone fracture between September 2006 and April 2008 were reviewed. Thoracic limb lameness was present in all cases and was localised to the carpal joint based on presence of soft tissue swelling over the carpus, pain on manipulation, reduced range of motion, and exclusion of pain in other joints.
Clinical examination
Clinical examination was performed by one surgeon (NF) preoperatively, at two and six weeks postoperatively and again at eight months to two years postoperatively. Examination included subjective evaluation of severity of lameness (graded 0-10, A) Guide wire driven to engage but not breach the trans-cortex as close as possible to perpendicular relative to the fissure / fracture. For complete fractures, the fracture would be reduced and compressed using single-pointed fragment forceps (not shown) prior to placement of the guide wire. B) Graduated cannulated depth gauge threaded over wire to determine appropriate drilling depth and screw length. C and D) Guide wire driven through the trans-cortex and gripped laterally with forceps. E and F) Cannulated tapered drill bit deployed over the guide wire and advanced in 2-3 mm increments. Note etched calibration markings on the drill bit facilitating measurement of depth of drill insertion. G and H) Screw insertion over the guide wire using a cannulated hex driver. I and J) Screw countersunk beneath the bone surface and guide wire removed.
with 0 representing normal and 10 nonweight-bearing lame), discomfort on manipulation of the carpus and other thoracic limb joints, carpal range of motion, and presence of palpable swelling or effusion. Pertinent findings were recorded.
Preoperative radiography
All dogs underwent radiographic examination of both carpal joints including medio-lateral and dorso-palmar views. Radiographs were also taken of both elbows (extended medio-lateral, flexed medio-lateral, cranio-caudal) and shoulders (medio-lateral, caudo-cranial) to exclude other potential causes of thoracic limb lameness.
Surgical technique
Surgical stabilisation of the radial carpal bone fracture was achieved by a single surgeon (NF) for all cases using headless, selfcompressing cannulated screws a . Free limb preparation was performed with the dogs under general anesthesia; the dogs were positioned in sternal recumbence and the affected leg extended cranially with the carpus at the end of the table. Arthroscopy was performed prior to surgical repair in three cases. A standard dorsal approach to the carpus was made (30) . The fat pad of the extensor carpi radialis tendon was trimmed to allow direct visibility of the radio-carpal joint. The synovial membrane was incised over the radio-carpal and middle carpal joints in order to facilitate assessment of articular cartilage integrity on all surfaces of the radial carpal bone. Maximal hyperflexion of the carpus enabled direct access to the proximo-dorsal surface of the radial carpal bone. Exposure was facilitated using appropriately positioned Gelpi and Hohmann retractors.
The fracture or fissure line was identified. Where fractures were complete, reduction plus interfragmentary compression was achieved with single-pointed bone-holding forceps b applied to the medial and lateral aspects of the radial carpal bone; application was through the articular cartilage where the orientation of the fracture necessitated this. Extrinsic compression was not applied to incomplete fractures or fissure lines. A graduated guide wire was driven as close as possible to perpendicular relative to the fracture line from medial to lateral (typically approximately 15-30° oblique to the fracture line). The wire was driven so that it engaged but did not breach the trans-cortex (ǠFig. 1A). A graduated cannulated depth gauge was threaded over the wire and held flush with the surface of the radial carpal bone to determine appropriate drilling depth and screw length (ǠFig. 1B). The depth gauge was removed and the guide wire was then driven through the trans-cortex and gripped on the lateral aspect of the joint with forceps to avoid spin-out or binding during drilling (ǠFig. 1C and 1D). A cannulated tapered drill bit of appropriate size was deployed over the guide wire and advanced in 2 to 3 mm increments, followed by repetitive retraction and lavage to remove any bone swarf or debris (ǠFig. 1E and 1F). Etched calibration markings on the drill bit facilitated measurement of depth of drill insertion and care was taken that the drill did not penetrate the transcortex. Acutrak® standard screws were utilised in these cases. These screws taper from 3.3 mm at the leading tip to 3.8 to 4.6 mm in diameter at the 'head' (dependent on screw length) and are available from 12.5 mm to 30 mm in length at 2.5 mm increments. A screw 2 to 4 mm shorter than the measured depth was selected, threaded over the guide wire, engaged with a cannulated hex driver and finger-tightened by advancing three thread-widths in and two thread-widths out until firm resistance was felt (ǠFig. 1G and 1H). Alternate advancement and retraction allowed the screw to cut its own threads without binding in the dense cancellous medulla of the radial carpal bone. The screw was countersunk beneath the bone surface (ǠFig. 1I and 1J) and finally, the guide wire was removed and the peri-articular tissues were routinely closed.
Postoperative management
An external coaptation dressing was applied in all cases for two weeks and was changed once at two days postoperatively. Non-steroidal anti-inflammatory medication comprised either carprofen e 4 mg/kg subcutaneously or meloxicam f 0.2 mg/kg subcutaneously administered at induction of anaesthesia, and continued at 1-2 mg/kg orally q12h for carprofen or 0.1 mg/kg orally q24h for meloxicam for 14 to 28 days depending on response. Cage rest was enforced for six weeks with short leash-controlled walks three to six times daily.
Postoperative radiography
Immediate postoperative orthogonal radiography of the carpus was performed to assess fracture reduction and screw position. Radiography was repeated under routine deep sedation at six weeks, six months and longer-term (mean 12.5 months) postoperatively to evaluate progression of bone healing (ǠFig. 2 to Fig. 5 ).
Results

Signalment, history and clinical examination
Five dogs with radial carpal bone fracture were treated between September 2006 and April 2008. Four dogs were Boxers, and one was a Labrador Retriever crossbreed. Three dogs were male, and two were female. All four Boxer dogs were aged between 1.2 and 2-years-old while the Labrador Retriever crossbreed was 5.5-years-old. Mean body weight was 25.5 kg (range 23.2 -31.0 kg).
All of the dogs had a history of continuous or intermittent lameness, ranging from two to 75 weeks in duration prior to referral. The right thoracic limb was affected in two cases and the left in three. Lameness ranged from 4 out of 10 to 8 out of 10 in intensity, (median = 6/10) with zero representing normal and 10 non-weight-bearing lame. There was no reported history of trauma preceding clinical signs in any case (although this could not be definitively ruled out) and all dogs were affected by mild to moderate focal soft tissue swelling on the dorsal aspect of the radio-carpal joint. Pain on manipulation of the affected carpus was evident in all five cases, with crepitus also detected in one case (Case 2). Three dogs also demonstrated pain on elbow manipulation during physical examination. In two of these cases (Case 1 and Case 2) pain was evident bilaterally, while in one case (Case 5), pain was only evident affecting the contralateral elbow and lameness was not appreciated to be associated with this. Case 2 had been investigated four months previously for lameness of the right thoracic limb which was diagnosed as fracture of the radial carpal bone; due to comminution and marked pre-existing degenerative joint disease, treatment consisted of pancarpal arthrodesis. At this time, a slight radiolucent line was evident in the radial carpal bone of the left thoracic limb; however, as this was not causing any clinical symptoms, the decision was made to leave it untreated. At re-presentation four months later for left thoracic limb lameness, this radiolucent line was more clearly evident radiographically.
Preoperative radiography
All cases demonstrated an oblique incomplete fissure (Cases 1 and 2) or complete fracture (Cases 3, 4, 5) of the radial carpal bone, extending medially from the midpoint of the radio-carpal joint proximally to the level of the second carpal bone distally. A mild increase in radio-opacity consistent with subchondral bone sclerosis surrounding the fracture line was present in all patients. In Case 2, a further small fracture segment dorsal to the radial carpal bone, consistent with the comminuted 'T' fracture configuration, had been previously identified in the right carpus (managed by pancarpal arthrodesis as above), but a simple oblique incomplete fissure line alone was identified in the left carpus (3, 5) . All patients with the exception of Case 3 demonstrated signs of mild elbow degenerative joint disease (including sub-or peritrochlear sclerosis or osteophytic new-bone at the caudo-dorsal aspect of the anconeal process up to 1 mm in depth).
Surgical findings
Arthroscopy of Case 5 revealed overt fracture of the radial carpal bone (ǠFig. 5). Arthroscopy of Cases 1 and 2 revealed a faintly discernable subchondral bone fis- sure with intact overlying cartilage (ǠFig. 2); however, the subchondral fissure was more apparent at arthrotomy when oblique indirect illumination was employed (ǠFig. 3). In order to achieve this at arthrotomy, the light source from the arthroscope was held at an oblique angle to the presumed direction of the fissure, at a distance of approximately 2-3 cm. The fissure plane was evident as a subtle dark line beneath intact articular cartilage (ǠFig. 3). Cases 3 and 4 did not undergo arthroscopy; both cases had complete fracture of the radial carpal bone on arthrotomy (ǠFig. 4). Surgical findings corroborated radiographic findings but also facilitated assessment of the integrity of the articular cartilage overlying the fissure or fracture. No dog underwent surgical elbow exploration at this time.
Clinical outcome
At six weeks postoperatively, lameness had resolved in all of the patients. All cases demonstrated palpable dorsal soft tissue swelling at the surgical site. This swelling was firm and fibrous in nature, and was not painful upon manipulation or palpation. Carpal range of motion was reduced in all cases to approximately 90° flexion. Gait assessment of all cases at eight months to two years postoperatively (mean 12.5 months) did not reveal any visible lameness of any treated limb as assessed by a single clinician (NF) or by any owner. Case 2 was affected by moderate gait disturbance associated with pancarpal arthrodesis of the right thoracic limb. Clinical examination at followup revealed residual soft-tissue swelling on the dorsal aspect of the carpus for all operated limbs, but although carpal flexion was reduced, this did not have any apparent clinical ramifications and signs of pain were not evident for any case except when extreme forced flexion was attempted. All patients had returned to full-range exercise. When owners were asked at repeat examination if they perceived lameness affecting the operated limb, all answered no; when asked if they were satisfied with the procedure, all answered yes; when asked if they would have the operation performed again in similar circumstances, all answered yes.
Postoperative radiography
At six weeks, all patients demonstrated radiographic signs of early healing manifested by reduced definition of the edges of the original fissure or fracture line (ǠFig. 2 and 5). Implants remained intact and there was no evidence of migration or lucency of contiguous bone. Soft tissue swelling was evident dorsally on the medio-lateral projection in all patients. At the radiographic follow-up examination (mean 12.5 months post-operatively), there were no implantassociated complications identified and three of five radial carpal bones did not have any discernable remnant of the radialcarpal fissure line (ǠFig. 3 and 5). Radiolucency persisted in the region of the previous fissure or fracture line in Cases 1 and 4 (ǠFig. 2 and 4) and was suggestive of incomplete osseous union, but in light of the positive clinical outcomes, no further investigations were performed. 
Complications
Neutrophilic joint effusion, suspected to be septic in origin occurred in Case 1 four months postoperatively, and was associated with acute non-weight bearing lameness of the operated leg. Bacterial culture of joint fluid failed to reveal any pathogenic organisms, but lameness resolved rapidly after administration of cephalexin (20 mg/kg p/o BID for 6 weeks). Lameness recurred a further four months later and again resolved with a further six-week course of cephalexin. There was no radiographic evidence of bone lucency associated with the implant at any stage and infection had not recurred ten months later, whilst lameness had resolved and return to full-range exercise had been accomplished. However, complete radiographic union of the fissure line was not documented in this patient.
Discussion
Both surgical and non-surgical management of canine radial carpal fractures has been reported. In two studies of 15 and 13 cases respectively, all cases that were managed non-surgically with long-term followup manifested radiographically documented progression of osteoarthritis andpersistent lameness was a common feature (2, 6) . Secondary osteoarthritis probably develops as a consequence of the articular fissure or fracture and the resultant instability (2). Therefore, there may be rationale for prompt surgical intervention, justifying surgical intervention in this case series. In human patients, delayed treatment led to increased incidence of non-union and persistent pain despite repair due to severe osteoarthritis, with increased time from diagnosis to treatment being a risk factor for non-union (21, 31, 32) . Furthermore, there may be rationale for early stabilisation of incomplete canine radial carpal bone fissures to help prevent progression to catastrophic fracture (as seen in the right thoracic limb of Case 2). Identification of subtle, undisplaced fissures may prove elusive using conventional radiography or even arthroscopy, especially if the fissure has not penetrated the articular cartilage, as has been the experience with human scaphoid fractures (23) . In Cases 1 and 2, arthroscopy revealed a faintly discernable subchondral bone fissure with intact overlying cartilage, and it is worth noting that the fissure was more clearly apparent as a subtle dark line beneath intact articular cartilage when oblique indirect illumination was employed at arthrotomy. This configuration could be consistent with an aetiopathogenesis of incomplete ossification of the radial carpal bone, or alternatively, would also be consistent with an aetiopathogenesis of stress fracture. A similar oblique indirect illumination technique has previously been described for identification of subchondral fissures of the medial aspect of the coronoid process of the ulna (subsequently confirmed by histomorphometry) without penetration of the articular cartilage (33) . However, in such cases advanced imaging modalities such as computed tomography or magnetic resonance imaging may prove useful (21) . Both modalities have been used in human patients to differentiate congenital variants from pseudoarthroses following injury (31) .
Failure of complete radiographic union in two out of five dogs in this study was an interesting finding, and may mirror the recognised feature of non-union associated with transcondylar screw placement for management of incomplete ossification of the humeral condyle (34) (35) (36) (37) . Similarly, it is unknown whether this is a feature of poor local blood supply as in the human scaphoid, persistent instability as has been proposed for the humeral condyle, or other currently unidentified factors (13, 38) . These factors should be considered during the surgical approach, as well as the potential for damage to surrounding soft tissues and vasculature that could compromise bone healing. The feasibility of percutaneous application of cannulated screws under fluoroscopic or even arthroscopic guidance warrants investigation, although technical and equipment limitations may compromise widespread usage (21) (22) (23) (24) . Interestingly, duration of lameness preoperatively did not appear to be a significant predisposing factor to non-union in this case series, although the identification of a radiolucent line in Case 1 several months previous, and in the absence of overt lameness on this limb at that time, could intimate a longer chronology of disease than identified, and could hypothetically have been a predisposing variable to non-union in this case. The possibility of subsequent implant failure should be considered in cases of non-union, and further investigation and ongoing long-term monitoring of clinical cases is warranted in this regard.
Several different bone screws have been used for scaphoid fracture repair in humans, including Acutrak®, Asnis III g , Herbert™ [h] , Herbert-Whipple™ [h] , Synthes Cannulated Screw System i and most recently the bioresorbable LG (Little Grafter)™ screws j . Superior compressive forces have been found to be provided by Acutrak® and LG™ screws (39, 40) . Acutrak® screws are headless, self-compressing screws which achieve reliable compression, even in small bone fragments, without the difficulties of accurate over-drilling in minimally displaced or incomplete fractures required for conventional compression screw placement. Successful use of Acutrak® screws has previously been documented in dogs for fixation of ununited anconeal process and incomplete ossification of the humeral condyle (41, 42) . The variable pitch of the screw threads induces compression as the screw is inserted, creating a more gradual increase to peak compression without the abrupt loss of holding power that is associated with conventional cortical screws inserted in lag fashion (43) . Cannulation over a guide-wire allows for reproducible and accurate implant placement, and it helps maintain fracture reduction during drilling and depth measurement, allowing one to aim the screw placement as close to perpendicular to the fracture line as possible; this is analogous to the 'sweet spot' referred to by human surgeons treating scaphoid fractures (23, 44) . In contrast to conventional lag screws, the threads of the Acutrak® screw engage both the near and far fracture segments leading to increased screw-bone contact which maximises pull-out strength and may increase fatigue strength. Furthermore, ab- (40, 44, 45) . Because canine bone does not have the same elastic modulus or canalicular density as human bone, it is our experience that insertion of the Acutrak® screw in canine bone can be more challenging than in human bone, and that greater potential for thermal necrosis exists when drilling, so appropriate irrigation is mandatory (46) .
Although mild to moderate soft tissue swelling was evident over the carpus preoperatively, this sequel did not produce discernable gait disturbance by six weeks postoperatively. Similar findings have been reported postoperatively in studies of radial carpal bone luxation (47, 48) . We postulated that the swelling and reduction in range of movement was primarily attributable to the surgical approach. Percutaneous application of Acutrak® screws under fluoroscopic guidance may help reduce postoperative periarticular swelling in future cases (22, 27, 49) .
Other complications are possible, but were not encountered in these cases with the exception of suspected sepsis in one case. Early leash-controlled exercise was encouraged because incidence of nonunion in human scaphoid fractures increased with prolonged immobilisation (31) . Screw breakage might necessitate implant removal, which could be more challenging with the subcortically-placed Acutrak® screws than with conventional cortical screws.
A limitation in this study is the undetermined contribution of elbow pathology to the initial lameness. Three of the five cases reported demonstrated evidence of pain on elbow manipulation preoperatively, and four of the five cases had radiographic evidence of elbow disease. This was not investigated further or specifically treated in any case at this time, although the authors recognise that clinical improvements may have been partially or completely due to effective medical therapy for osteoarthritis of the elbow. In order to evaluate this further, use of this technique would be required in a cohort of dogs without evidence of elbow disease.
No previously published technique has been consistently successful for treatment of radial carpal bone fissure or fracture in dogs. While results of more conservative therapies remain unpredictable, lag-screw fixation has been associated with complications necessitating future pancarpal arthrodesis. All dogs treated by Acutrak® screw fixation demonstrated either progressive radiographic healing or apparent fracture stability and remission of lameness at six weeks postoperatively. Osseous union was achieved in three out of five dogs with restoration of integrity and stability without residual pain or lameness at the longterm follow-up, thus intimating successful outcome. However, direct comparison between this study and others is complicated as all other studies include a variety of fracture configurations while this study population was affected only by two-piece oblique fissures or fractures of the radial carpal bone. Morbidity was minimal, and was acceptable for clinical application. In our experience, Acutrak® screw fixation of canine radial carpal fracture proved a reliable alternative to conventional compression screw fixation and may have benefits over alternatives, attributable to screw design and application technique.
